Introduction
Since its introduction in the 1950s and first application to bacteria in the 1970s, dielectrophoresis (DEP) has become an active area of research as a method for detection, concentration, separation, identification, and manipulation of cells and molecules [1] [2] [3] [4] [5] [6] . DEP can be used to measure the dielectric properties of cells, providing valuable insight into cellular physiology without causing significant cellular damage or death. Thus, DEP devices have been used to characterize and separate mammalian cells, microorganisms [7] , plant cells [8] , viruses [9] , DNA [10] , RNA [11] , proteins [12] [13] [14] , as well as to distinguish specific mammalian cells for drug screening, isolate infected cells from blood [15] , and identify membrane properties of particles and cells [16, 17] . DEP can also be used to make real-time measurements of cellular parameters in order to distinguish live cells from damaged or dead ones [18] . Finally, it can also be applied to drug and phenotypic screening [19, 22] .
Analysis of bacteria using lab-on-a-chip devices is challenging due to their small cell size, cell-cell adherence, biofilm formation, and biosafety considerations. However, at the same time, DEP has emerged as a powerful technique for microbiology research, used alone or in combination with traditional approaches such as antibiotic sensitivity testing [21, 22] , DNA manipulation [23] . Selective detection of viable bacteria is now possible through DEP impedance measurements via capture on an electrode array [24] , which can even be coupled with antigen-antibody interactions [25] . DEP has also been used to distinguish wild-type bacterial cells from mutant derivatives possessing altered dielectric properties [21, 26] , and its effects on growth, viability, and immuno-reactivity of bacteria have been previously studied [27] .
Recently, the DEP properties of bacteria have been investigated extensively, especially in the contexts of drug assessment [28] , antibiotic susceptibility [29] and dormancy [30] . Specifically, subpopulations of cells such as persisters, dormant, and non-culturable cells are responsible for the drug recalcitrance of many infectious diseases. To better understand the mechanisms of drug-cell interactions that is undermining progress in this area, we carried out dielectrophoretic analysis of the non-pathogenic mycobacteria, M. smegmatis. Dielectrophoretic characterization of wildtype (WT) M. smegmatis and ethambutol-treated M. smegmatis has already been reported, where it was shown that ethambutol-treated bacteria exhibit a dielectric response at higher pDEP frequencies than wild-type cells [20] . Dielectrophoretic approaches for investigating dormant mycobacterial cells have concentrated on separation of dormant (stationary phase, i.e., nongrowing) and actively growing M. smegmatis cells [30] , as well as monitoring the resuscitation of dormant M. smegmatis in the DEP-generated microbial aggregates [30] .
However, more recently, DEP methods are being explored as purification tools for separating subpopulations of antibiotic-treated bacterial cultures, allowing characterization of surviving cells and antibiotic-killing mechanisms [31] . Here, we present the dielectrophoretic behavior of live, heat-killed, and antibiotic-treated M. smegmatis cells at single-cell resolution. We begin with a brief introduction to dielectrophoretic forces, and follow with a simple singleshell spherical model for M. smegmatis bacterium, useful for predicting the dielectrophoretic behavior of both live and dead cells. Next, we present the results of dielectrophoretic characterization experiments for live and heat-killed cells and the dielectrophoretic responses of Isoniazid (INH)-treated cells. Finally, we compare the results for live, INH-treated and heat-killed M. smegmatis cells.
Dielectrophoresis
DEP forces ( F DEP ) on a particle depend on the magnitude and nonuniformity of an externally applied electric field, as well as the physical and electrical parameters of the surrounding medium and of the cell, such as conductivity and permeability, according to equation (1),
where r is the radius of the cell, E rms 2 is the root mean square of the electric field, e m is the permittivity of the medium, and [ ] f Re CM is the real part of the Clausius-Mossotti factor ( ) f ; CM this defines the effective polarizability of the cell as where e* p is the complex permittivity of the particle, and e* m that of the media. Finally, the complex permittivity e* is given as
and thus depends on the permittivity e ( ) and conductivity s ( ) of the cell or the media and the frequency f of the applied electric field. j represents the imaginary number -1 . [ ] f Re CM ranges from −0.5 to 1, where positive values denote cells migrating towards regions of high field strength (positive dielectrophoresis, pDEP), while negative values of [ ] f Re CM denote the opposite behavior, with cells moving toward regions of low or no field strength (negative dielectrophoresis, nDEP). Whether a cell displays nDEP or pDEP depends on polarizability of the cell with respect to the surrounding medium. The frequency at which the dielectrophoretic force is zero
Re 0 CM is denoted as the crossover frequency.
Modeling
In order to characterize DEP conditions, DEP buffer conductivity, electric field strength, and field frequency were analyzed both experimentally and using a theoretical single-shell model.
A theoretical single-shell spheroidal model for M. smegmatis cells M. smegmatis is a rod-shaped bacterium with a complex cell wall that includes both an inner and an outer membrane, as shown in figure 1 [31, 32] . Thus, a prolate ellipsoidal dielectric model would provide the best fit for in silico analysis of the dielectric properties of this bacterium. Nonetheless, for reasons of simplicity and comprehensibility, a single-shell spheroidal [33, 34] model was chosen. In this simplified model, a cell is considered to be a sphere of conducting cytoplasm surrounded by an insulating membrane. The cell membrane and cell wall are represented by a single term and modeled according to their resistance (R , cell wall equation (4)), their capacitance (C , cell wall equation (5)), and their impedance (Z , cell wall equations (6)- (7)). The cytoplasm was modeled in the same way and is represented in equations (8)-(11).
The final cell model is comprised the serial impedances of Z cell wall and Z , cytoplasm and is denoted Z Cell :
where k is a cell constant, d is the cell wall thickness, r is the cell radius, R is the resistance, C is the capacitance, s is the conductivity, and e is the permittivity [32, 33] . The dielectric parameters applied for M. smegmatis are listed in table 1 [26, 33, 35] . The real part of the Clausius-Mossotti factor ( [ ])
f Re CM was calculated in MATLAB using the parameters from table 1. The results obtained are shown in figure 2. In summary, while the modeled live cells exhibited pDEP past the crossover frequency of 1 MHz, the modeled dead cells exhibited nDEP in the entire range of 0.1-10 MHz.
Materials and methods

Buffer preparation
To prepare the gradient of conductivities (ranging from 2 to 500 μS m −1 , measured by a conductivity meter; Cole-Parmer Instruments), increasing amounts of phosphate buffered saline (PBS, Gibco) were mixed in double distilled water. The dispersal agent Tween-80 (Sigma-Aldrich), was added at 0.05% to avoid formation of cell clumps.
Cell growth and preparation
Batch cultures of wild-type M. smegmatis strain mc 2 155 were grown overnight in standard 7H9 media (BD/Difco) with shaking (200 rpm), to an optical density (OD) of 0.5, measured as absorbance at 600 nm (Thermo scientific, Biomates). To distinguish live cells from dead cells, M. smegmatis recombinant strains expressing GFP or dsRed2 fluorescent proteins, specifically from a strong constitutive promoter were used [36] . Before introducing the cells into DEP device, both live and dead cells were collected by centrifugation (≈900×g, 5 min), washed three times in DEP buffers, and finally resuspended in the respective DEP buffer. Dead cells were stained with propidium iodide (ThermoFisher Scientific) at a final concentration of 1 μg ml −1 . The cell suspension was filtered using a 0.5 μm filter (Millex-SV) to remove cell agglomerates.
Preparation of heat-killed cells
Cells were taken from exponentially growing culture and incubated at 80°C for 1 h to obtain heat-killed cells. They were then collected and prepared as above.
Preparation of antibiotic-treated cells
Batch cultures of GFP-expressing M. smegmatis cells [36] were grown in standard 7H9 media (BD/Difco) with shaking (200 rpm), to an optical density of 0.05 (A 600nm ), then exposed to isoniazid (INH) (50 μg ml −1 ) for 48 h at 37°C with shaking (200 rpm). Before use, cells were collected and prepared as described above.
DEP device preparation
Dielectrophoretic forces were generated using 2Dmetal electrodes on a glass substrate as reported previously [3, 34, 37 ]. An array of 2×15 platinum electrodes and structured SU-8 line the main channel (width: 20 μm, height: 20 μm) that cells flow through and where dielectrophoretic forces are applied. The cells were characterized according to deviation from the center of the main channel as shown in figure 3 . The frequencies of the applied AC field varied from 100 to 15 MHz and the AC field potentials varied from 0.1 V rms to 10.5 V .
rms Before introducing the cells into the device, the device was rinsed with low-conductive buffer that was used for the cell characterization. The device was stringently cleaned using detergent and double distilled water after each experiment.
Data acquisition
Cells were monitored using an Oylmpus IX81S1F-ZDC motorized inverted fluorescence microscope equipped with 100× objective and a Hamamatsu ORCA/ER CCD camera. All acquired images were integrated into movies and analyzed using ImageJ.
Experimental procedure
After cell preparation, 25 μl of the cell suspension was introduced into the device. First, the cells were focused at the center of the separation channel by applying low AC frequencies from both sides of the electrode array. Then, a higher AC frequency was superimposed from one side of the electrode array. Cells, based on their intrinsic properties, were positioned at an equilibrium point, either migrating towards regions of high field strength (pDEP) or migrating away from them (nDEP). The equilibrium position was used as readout to assess the dielectric properties of the cells, specific to cell type. The crossover frequencies for live and dead cells were defined as the frequencies where DEP forces acting on a cell switch from negative to positive (for live cells) or vice-versa (for dead cells). The experiments were repeated with varying medium conductivities and a range of frequencies to determine the combination of optimum conductivity and frequency values for characterization of subpopulations of cells.
Results
Experiments with live and heat-treated cells Dielectrophoretic characterization of live and heatkilled cells were performed separately as illustrated in figure 3 . In a medium with conductivity of 2.7 μS m −1 and with a frequency range above 1 MHz, the live and heat-treated dead cells exhibited opposite DEP behaviors. Live cells, were pulled towards the high field, exhibiting pDEP, and dead cells were pulled toward the low field, signaling nDEP, indicating the potential for dielectrophoretic characterization of mixed live and dead populations of M. smegmatis at single-cell resolution.
A representative set of images depicting the behavior of GFP-expressing live cells in the presence of high frequency signals is shown in figure 3 . This cell exhibited nDEP in the lower frequencies (the x-axis: applied AC frequency), and was pulled −8 μm along the channel. When the frequency was increased, the cell instead exhibited pDEP and was pulled +9 μm along the channel. Here, the dead cells were not presented due to the fact that the Clausuis Mossotti factor was always negative for dead cells. Thus, the dead cells were experiencing nDEP forces all the time and they were repelled by the electrodes for the whole frequency range. 
Experiments with isoniazid-treated cells
The dielectric response of the INH-treated cells to a non-uniform electric field was also explored. While the crossover frequency of untreated M. smegmatis cells was consistently around 500 kHz, INHtreated M. smegmatis cells exhibited pDEP in higher frequencies than untreated cells, owing to its higher crossover frequency, PI-stained (dead) cells exhibited nDEP at low frequencies, but when the frequency increased they did not show clear pDEP, and were likely not affected by DEP force in 410 μS cm −1 buffer in the scanned frequency range (0.1-15 MHz). Figure 4 summarizes the results of these experiments. 
Conclusion
DEP can be used to measure the dielectric properties of cells, which provides important insights into cellular physiology while avoiding significant cellular damage or death. Although it is an old and very established method, it becomes more and more powerful and adequate with advancements in technology. In order to obtain direct, accurate, real-time, and quantitative measurements related to intrinsic properties of cells in a label-free way, it presents adequate methods to complete traditional bulk assays in biology. The aim of this work was to use DEP to characterize phenotypically variant bacterial subpopulations based on their intrinsic dielectric properties under antibiotic exposure and heat treatment. Wildtype M. smegmatis cells do not have any dielectrophoretic difference prior to heat-or drug-treatment in our experiments. Our efforts were focused on optimizing DEP characterization in M. smegmatis cells based on only small changes in their intrinsic properties, rather than differences in their size, shape, or volume. The recent dielectrophoretic monitoring and separation technique from Su and his co-workers implemented dielectrophoteric method on C. difficile strains with differing surface-layer properties. Therefore, drug treatment enhanced DEP-based separation of morphologically different cells [21] . The dielectrophoretic assay of bacterial resistance to antibiotics developed by Johari et al also performed experiments using S. epidermidis strains with different cell wall permittivity that significantly contributed collection of antibiotic-sensitive and antibiotic-resistant cells [22] .
Furthermore, we presented very simple and comprehensive single-shell spheroidal model in this work. Although more complex multi-shell models are reported in the literature [20] , using this simple model we aimed to predict the dielectrophoretic response of live and damaged cells in the frequency range of 100 kHz-1.5 MHz. Our experimental results were consistent with the obtained data from a single-shell spheroidal model. When the models becomes complex, they require high computing performance and long time to perform calculations, therefore, comparing results with real-time data to get insights for the predication of experiments might become cumbersome.
When wild-type, INH-treated, and heat-treated M. smegmatis cells were dielectropherically characterized, the heat-killed cells do not experience strong DEP forces compared to wild-type cells due to their impaired cell membrane composition, they are either at nDEP, or at crossover frequency regimes where the DEP forces are vanishingly small. On the other hand, the crossover frequency values for antibiotic-treated cells increases compared to wild-type cells, they show pDEP behavior at higher frequencies. INH targets mycolic acids biosynthesis in mycobacteria, therefore, impaired permeability of the cell membrane decreases the complex permeability of the cells, as reported for the dielectrophoretic characterization of ethambutol treated mycobacteria [20] , and pDEP responses of the cells are observed at higher frequencies.
Moreover, our study demonstrates that DEP platforms can be used to monitor the changes in dielectrophoretic behavior of bacteria as a single-cell or population level over time via time-lapse microscopy. This technique can be used to address a variety of outstanding questions in cell behavior, such as cell culture synchronization based on cell-cycle phase or cell age, diagnosis of infected cells (macrophages), cell-to-cell interactions between different cell types, and intercellular communication. Last but not least, DEP forces can also be exploited to immobilize motile cells without inducing any mechanical stress, by allowing microscopic observation of their behavior without the need for complex microfluidic platforms.
